Electrical mass response of cray¢sh photoreceptors (electroretinogram) was recorded continuously for up to seven days in isolated preparations that consisted of the retina and lamina ganglionaris. Electroretinogram amplitude varied in a circadian manner with a nocturnal acrophase and a period of 22^23 h in preparations kept in darkness. Acclimatization of animals to reversed light/dark cycles resulted in a phase reversal of the rhythm in vitro. The per (period) gene of Drosophila has been implicated in the genesis of rhythms in insects and in vertebrates. Immunocytochemical staining with an antibody against the PER gene product revealed immunoreactivity in the retinal photoreceptors, as well as in cell bodies in the lamina ganglionaris. Labelled axons run distally towards the photoreceptors and proximally to other areas of the lamina.
INTRODUCTION
The response of cray¢sh photoreceptors to light varies in a circadian manner. In whole animals, the amplitude of the mass response of retinal photoreceptors to light pulses (electroretinogram, ERG) displays a robust circadian rhythm (see Are¨chiga et al. 1993) . The origin of the circadian time signal has been a matter of debate for more than two decades. A central circadian pacemaker located in the supraoesophageal ganglion was tested as the source of the circadian rhythmicity, projecting to the retina by e¡erent axons in the optic nerve (Page & Larimer 1974) . However, the amplitude of the ERG rhythm was shown to persist in the isolated eyestalk, thus suggesting a local origin for the rhythmicity (Sa¨nchez & Fuentes-Pardo 1977) . A humoral modulation of retinal rhythmicity has also been shown both in the cray¢sh and in other crustacean species (Are¨chiga et al. 1973 (Are¨chiga et al. , 1974 . The retina itself was suggested as a possible generator of circadian rhythmicity, as its electrical activity varies along the 24-h cycle when it is isolated from the eyestalk (Gonza¨lez-Flores & Are¨chiga 1981; Noguero¨n & Are¨chiga 1986 ). At present, the origin of the circadian rhythmicity of the photoreceptor response remains unknown (Larimer & Smith 1981; Are¨chiga et al. 1993) .
The period (per) gene has been implicated in the generation of circadian rhythmicity in Drosophila. By using immunocytochemical techniques, the PER protein has been located in many areas of the fruit £y nervous system, some of which are known to be related to the generation of circadian rhythmicity (Zerr et al. 1990; Hall 1995; Hardin & Siwicki 1995; Helfrich-Foster 1995; Dunlap 1996) . Circadian rhythmicity of per expression has been documented in vitro (Emery et al. 1997; Plautz et al. 1997) . In other species, structures implicated in the generation of circadian rhythmicity have been found to stain with an antibody against a highly conserved domain of PER (Siwicki et al. 1988; Reppert et al. 1994) . For instance, anti-PER staining in the eye of Aplysia and Bulla occurs in cells that are known to generate a circadian rhythm of electrical activity (Siwicki et al. 1989) . The presence of per has also been proposed in mammals Tei et al. 1997) .
In the present experiments, we explored the circadian rhythm of cray¢sh retinal photoreceptors using electrical responses to light in isolated retinas, and made an immunocytochemical survey of the region with an anti-PER-S antibody.
MATERIALS AND METHODS
The experiments were conducted in isolated retinas of the cray¢sh Procambarus clarkii. Adult specimens were used, without the distinction of sex and in intermolt at the time of the experiment. The animals were kept under a 12:12 h light/dark programme for at least one week before the experiment. Light was on from 07.00 to 19.00, with an intensity of 500 lux. The retina and lamina ganglionaris (R-LG) were excised in a single piece from the rest of the eyestalk. From previous work, it is known that the integrity of the photoreceptor axons is necessary for long-term survival of the retinal photoresponse (Gonza¨lez-Flores & Are¨chiga 1981; Noguero¨n & Are¨chiga 1986) , hence the need of keeping intact the axonal connections to the lamina ganglionaris.
The preparations were removed during the day phase, between 10.00 and 12.00 (circadian time), and the retinas were washed twice with sterile van Harreveld's (1936) solution. They were placed in a chamber at 16 8C under a gas mixture of 95% O 2 and 5% CO 2 , with a culture medium, as devised by Noguero¨n & Are¨chiga (1986) , with the following composition: Minimum Essential Medium with glutamine (90%), foetal calf serum (10%), and an antibiotic mixture of amphotericin^gentamycin. The pH was adjusted at 7.4 with Hepes-Na. All solutions were passed through a Millipore (0.22 mm) ¢lter. Long-term recordings were made in a glass chamber with a double wall. Between the two walls there was a constant £ow of water at 16 8C. The temperature of the water around the recording chamber was continuously monitored. The internal chamber's volume was 50 ml, and it was tightly sealed, leaving only the outlet for the recording electrodes.
ERG recordings from the R-LG were made with a suction electrode ¢lled with sterile van Harreveld's solution, and a ground electrode made of platinum. Signals were led to a di¡er-ential ampli¢er (Tektronix 5113). Attached to the chamber was a photocell to monitor the light artefacts.
Light stimuli were delivered as brief (10 ms) pulses from an incandescent white light within an intensity range of 0.15 00 lux. To prevent overexposure to light during long-term recordings in experiments with test pulses of constant strength, light pulse intensity was adjusted to the lowest value capable of eliciting a clear ERG. The criterion was to obtain an ERG with an amplitude su¤cient to have a 2:1 signal-to-noise ratio; usually, this was achieved after the preparation was darkadapted for at least 1h.
For the immunocytochemical study, the R-LG was removed, as mentioned above, and ¢xed in 4% paraformaldehyde, in 0.1M phosphate bu¡er solution (PBS) at pH 7.4, and then transferred to 20% sucrose in 0.1% PBS pH 7.4 at 4 8C overnight. It was then embedded in Tissue Tek, and sectioned in a cryostat (American Optical) at 720 8C. Usually, 12-mm sections were made and mounted on glass slides with 1% gelatine, and stored at 720 8C before being placed in a moist chamber for immunoreaction. For this purpose, slides were washed with PBS bu¡er at 4 8C, pre-incubated in 3% normal goat serum with 0.1M PBS bu¡er, pH 7.4, and 0.75% Triton X-100 at 4 8C for 24^48 h, and then incubated with the primary antibody diluted 1:400 in 1% normal goat serum in phosphate bu¡er with 0.75% Triton X-100. The antibody was a¤nity puri¢ed from rabbit antiserum against a peptide from the PER-S region (Siwicki et al. 1988) ; this domain of PER is highly conserved among insects (Reppert et al. 1994) . Anti-PER-S antibody was pre-absorbed with 500 mg ml À1 haemocyanin, washed with phosphate bu¡er, and incubated for 30 min in 3% goat serum with 0.75% Triton X-100. After washing, sections were exposed to a secondary antibody. Goat anti-rabbit IgG was diluted 1:50 in PBS for 1h at 4 8C. Sections were incubated with biotin-labelled, a¤nity-puri¢ed anti-rabbit IgG for 1h at room temperature, then with avidin:biotinylated HRP complex, and developed with peroxide-diaminobenzydine. Finally, they were washed with 1% PBS and mounted in glycerine carbonate (9:1). Speci¢city of the staining was tested by incubation in pre-immune serum, or staining with other primary antibodies, for example, the antibody against red pigment concentrating hormone. None rendered positive stainings in the same population of cells as the anti-PER-S antibody.
RESULTS

(a) Circadian rhythm of electrical responses to light
The circadian changes of photoreceptor responsiveness to light were explored by two methods. In 25 experiments, light pulses of constant intensity and duration were delivered at regular intervals for several days. In all preparations, ERG amplitude showed circadian £uctua-tions. The maximum amplitude of the ERG remained constant for 4^5 days, and started to decrease afterwards, for another 4^5 days. Figure 1 presents the changes in ERG amplitude detected during two consecutive days of recording in four preparations that were kept in darkness and interrupted only by 10-ms light pulses of 10 lux, applied at 60-min intervals. During the night, the ERG amplitude was more than twice the value of that obtained during the day. The circadian period was calculated from the points of half-maximal amplitude of ERG during the steeply declining phase of the cycle. Data for a given preparation were collected from intermediate cycles, discarding the ¢rst and the last. From over 20 preparations, the period ranged from 22 to 23 h with an average of 22.7 AE0.3 h (s.d.). There were also some small ultradian £uctuations that were not analysed. The amplitude of the circadian cycle also showed some dampening along the days of recording.
The other way of analysing di¡erences in responsiveness along the 24-h cycle was by testing the e¡ect of di¡erent light intensities. To this end, animals were acclimatized, as usual, to 12:12 h light/dark cycles for one week. The R-LG preparations were excised and kept in culture for 3 days in continuous darkness, after which they were subjected to series of test light pulses of growing intensity delivered twice in anti-phase (12.00 and 24.00) in the circadian cycle. Figure 2 shows the ERG amplitude values corresponding to four steps of light intensity (0.7, 1.1, 1.3 and 1.5 log lux), applied every 12 h. There is a clear di¡erence between the daytime ERG amplitude from that corresponding to night, and the di¡erence is greater at lower intensities. There is also a dampening of the amplitude in time. Another experimental approach was to acclimatize a group of four animals to a reversed light/dark cycle for one week before the experiment. The R-LG segments were excised and subjected to continuous darkness, interrupted by test light pulses of 0.7^1.5 log lux intensity, at the times indicated in ¢gure 3, which shows the inversion of the time of responses. As seen, ERG amplitude was greater during the new night phase.
(b) Immunopositive elements to PER product antibody in the R-LG
The preparations from which the electrical recordings were made included the R-LG. Serial sections were made from the R-LG, and immunostaining was carried out with the anti-PER-S antibody. As seen in ¢gure 4, a consistent immunopositive reaction was found in the photoreceptors (ph), most conspicuously at the level of the nuclei and axons (¢gure 4b,c). A strong immunopositivity was also detected in the lamina ganglionaris. All along the lamina, there were scattered immunopositive cell bodies and axons. Small monopolar cells (ca. 5 mm in diameter) were stained, both in the outer ganglion cell layer and in the inner ganglion cell layer (¢gure 4d^f ). Immunostaining was present in the nuclei and cytoplasm of most of the cells rendering positive reaction. Immunopositive axons could be traced, some near the photoreceptor axons (¢gure 4g, h) and some others running proximally in the inner layers of the lamina (not shown in the ¢gure).
A strong immunopositivity was detected in the proximal region of the lamina, at the level of the cartridges (¢gure 4a(3),i, j), where non-neural, presumably glial cells were stained.
DISCUSSION
The persistence of a circadian rhythm of responsiveness to light in the isolated preparation comprising the R-LG of the cray¢sh, suggests that the intrinsic cellular elements in this region are capable of generating the rhythmicity. The circadian period of 22^23 h of the response to test light pulses applied every 60 min is similar to the period measured under similar experimental conditions in the intact animal, which is 22 h in darkness (Are¨chiga et al. 1973) . The amplitude of the ERG rhythm is also similar to that displayed by the whole eyestalk in vitro (Sa¨nchez & Fuentes 1977) , and by cray¢sh mutants devoid of retinal shielding pigments (Are¨chiga & Huberman 1980) , in which it is smaller than that in the normal, intact animal. It has been suggested that the isolated eyestalk lacks the component of the ERG rhythm owing to the migration of distal retinal pigment, and retains only the components intrinsic to the photoreceptors, i.e. phototransduction and the migration of the proximal pigment granules within the photoreceptor cells (see Are¨chiga et al. 1993) .
The gradual loss of responsiveness to light during the time in culture may be due to a de¢ciency in our preparations to resynthesize the visual photopigment. Because a high light intensity is necessary to evoke a synchronous response needed to record the ERG, it is conceivable that our preparations are gradually depleted of photopigment. This limitation also precluded other tests of an endogenous origin of the rhythm, such as phase-response curves in the isolated preparation.
Because our preparations contained only the R-LG, the de¢nition of the cellular elements generating the circadian rhythmicity must be within these structures. The identi¢cation of anti-PER-like immunopositivity in the photoreceptors suggests the possibility that these cells are intrinsically rhythmic. However, cellular elements in the lamina were also immunopositive for the per gene, and thus could be involved in the generation of circadian rhythmicity in this region. Since the early description of circadian rhythmicity in cray¢sh visual interneurons (see Are¨chiga et al. 1993) , it was clear that the rhythm at the input from retinal photoreceptors is one component in a complex system; in fact, a circadian rhythm of spontaneous activity in visual interneurons persists even in complete darkness (see Are¨chiga et al. 1993) . The anti-PER positive cells in the lamina might contribute to this rhythm of spontaneous activity in interneurons (Wiersma et al. 1982) . Given the variety of cell types present in the lamina (Na« ssel 1976), this issue requires further clari¢cation. Among the non-neuron cells positive for anti-PER, some have been identi¢ed in previous studies as glial cells (Ha¨mori & Horridge 1966) . It is noteworthy that most of the per-expressing cells in the Drosophila optic lobes are glial cells (Siwicki et al. 1988; Ewer et al. 1992) . The functional role of these elements in the generation of circadian rhythmicity is a challenge for future studies.
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